During eukaryotic translation initiation, the small ribosomal subunit, assisted by initiation factors, locates the messenger RNA start codon by scanning from the 5′ cap. This process is powered by the eukaryotic initiation factor 4A (eIF4A), a DEAD-box helicase. eIF4A has been thought to unwind structures formed in the untranslated 5′ region via a nonprocessive mechanism. Using a single-molecule assay, we found that eIF4A functions instead as an adenosine triphosphate-dependent processive helicase when complexed with two accessory proteins, eIF4G and eIF4B. Translocation occurred in discrete steps of 11 T T T T T 2 base pairs, irrespective of the accessory factor combination. Our findings support a memory-less stepwise mechanism for translation initiation and suggest that similar factor-dependent processivity may be shared by other members of the DEAD-box helicase family.
D
EAD-box proteins are ubiquitous enzymes responsible for RNA remodeling. Found in eukaryotes as well as eubacteria and archaea, DEAD-box proteins participate in different stages of the mRNA life cycle, including translation initiation (1-3), ribosome biogenesis (4), pre-mRNA splicing (5) , and RNA chaperoning (6) . A key initiation factor that unwinds secondary structure during mRNA recruitment and scanning is eukaryotic initiation factor 4A (eIF4A) (1) . This protein is a member of helicase superfamily 2 (SF2) and comprises the minimal helicase module within the DEADbox family (7) . As such, eIF4A possesses two RecAlike domains that contain the core conserved motifs necessary for adenosine triphosphate (ATP) binding and hydrolysis, as well as RNA binding and melting (8) . Like most DEAD-box proteins, eIF4A is generally associated with a number of accessory proteins, including eIF4G, eIF4B, and eIF4H (1) . These proteins help recruit eIF4A to the 5′ end of the mRNA, where it unwinds duplex regions to promote mRNA recruitment to the ribosome (9) . eIF4G, eIF4B, and eIF4H synergistically activate the duplex unwinding activity of eIF4A, enhancing its RNA binding affinity and accelerating the cycling of its RecA-like domains between open and closed conformations (10) (11) (12) (13) (14) . Nevertheless, it is still not understood whether duplex unwinding by eIF4A occurs via a distributive or processive mechanism. In fact, both mechanisms have been previously suggested (2, 13, (15) (16) (17) .
To determine the mechanism used by eIF4A during translation initiation, we developed a high-resolution, single-molecule, optical trapping assay to study the helicase activity of eIF4A in conjunction with known accessory factors eIF4B, eIF4H, and eIF4G. The assay used purified human eIF4A, eIF4B, and eIF4H, as well as a previously characterized truncation mutant of eIF4G (eIF4G ) that retains the evolutionarily conserved eIF4A binding domain (18) (19) (20) . The experimental geometry consisted of a "dumbbell" arrangement formed by two optically trapped beads, with a nascent RNA transcript stretched between them. This transcript was attached to one bead via hybridization to a DNA "handle" and to the other bead via RNA polymerase (RNAP) arrested at a roadblock (Fig. 1) . The RNA transcript comprised a reporter hairpin [with a 72-base pair (bp) stem and a 4-nucleotide (nt) loop, and either 25 or 50% GC content] placed adjacent to a 20-nt, singlestranded RNA region at the 5′ end of the hairpin stem, which formed a target for the loading of a single eIF4A helicase (based on helicase footprint size) ( Fig. 1 and fig. S1 ) (21, 22) . In this assay, loading of the helicase onto the RNA, followed by subsequent unwinding of the reporter hairpin during directional translocation (5′-to-3′, based on assay geometry), increases the bead-to-bead distance, which can be measured with nanometer-level accuracy (Fig. 1B) . Any reannealing of a previously opened hairpin, arising from either enzyme dissociation or reverse translocation along the RNA, decreases this distance.
When eIF4A helicase was studied alone in the presence of ATP, only a very few stepwise unwinding events were observed, consistent with previous reports of nonprocessivity in bulk assays (23) . Any RNA unwinding by eIF4A was typically characterized by a single step forward, followed either by a single step backward or by enzyme dissociation ( Fig. 2A and fig. S3 ). The introduction of a single additional factor, whether eIF4B, eIF4H, or eIF4G 682-1105 , slightly enhanced eIF4A's ability to unwind RNA in a forward or backward direction. The addition of factors eIF4G 682-1105 and eIF4B together increased the 5′-to-3′ processivity of eIF4A synergistically, permitting the ternary complex to efficiently melt the entire 72-bp reporter hairpin. This finding suggests that the minimal unit for ribosomal scanning may include a minimum of three initiation factors: eIF4A, eIF4B, and eIF4G. Although eIF4B and eIF4H are homologous proteins, and although each conferred an increase in processivity when complexed with eIF4A and eIF4G 682-1105 , the eIF4A•B•G 682-1105 complex melted hairpins more efficiently than eIF4A•H•G 682-1105 ( Fig. 2A and fig. S3 ). Previous experiments have shown that at least three translation initiation factors are required for efficient strand separation (10, 19, (24) (25) (26) . The present observations argue that strand separation by eIF4A•B/H•G 682-1105 can be a direct consequence of processive translocation by a Fig. 1 . Experimental geometry of the singlemolecule eIF4A helicase assay (not to scale). (A) A single 72-bp RNA reporter hairpin (red) is tethered between two microscopic avidincoated beads (blue) held in optical traps (pink) by a DNA handle and a biotinylated RNA polymerase (green) transcriptionally stalled at a biotin-avidin roadblock (yellow). The tether contains a short single-stranded RNA flanking sequence adjacent to the 5′ side of the hairpin for loading eIF4A helicase, shown here complexed with eIF4B and eIF4G. (B) As eIF4A, alone or bound to combinations of eIF4B, eIF4H, and eIF4G, translocates along the RNA, its helicase activity unwinds the hairpin, leading to an increase in distance (Dx) between the trapped beads. In all figures, "eIF4G" corresponds to the truncation mutant eIF4G 682-1105 . helicase complex based on eIF4A, not of a distributive mechanism requiring multiple binding events (supplementary text). We next identified the specific changes in eIF4A behavior responsible for the factor-mediated increase in processivity. Because thermal noise in displacement often masks individual steps, the step size for eIF4A was determined by computing the pairwise distribution of distances moved in single records: Power spectra derived from such distributions display peaks at the corresponding spatial frequencies of any underlying steps (27) . Whether eIF4A was scored alone or in complex with other factors, the power spectra from records of its activity all displayed peaks near 11 T 2 bp (mean T SEM), a spacing comparable to the helicase footprint and which corresponds closely to a single turn of the RNA duplex (Fig. 2B) (8) When the noise levels in individual records are sufficiently low, it is possible to search for the presence of substeps within the~11-bp steps. An analysis was therefore carried out by fitting selected segments of individual records using a step-finding algorithm whose robustness has been previously established (28) . Substeps were identified, ranging in size from 2 to 4 bp (3 T 1 bp, mean T SEM; figs. S8 and S9). In this respect, the behavior of eIF4A is similar to that of the NS3 DEAD-box helicase from hepatitis C virus (supplementary text) (29) .
To examine whether different cofactors might affect the directionality of eIF4A, we computed the probability ratio of forward to backward stepping, a measure of directional persistence (23) . For eIF4A alone, this ratio was slightly higher than unity (~1.1), consistent with nonprocessive motion (Fig. 3A and fig. S11 ). For binary complexes eIF4A•B, eIF4A•H, and eIF4A•G 682-1105 , the ratio increased only moderately (to~1.7) and was, within error, the same for each complex. In contrast, ternary complexes eIF4A•B•G 682-1105 and eIF4A•H•G 682-1105 displayed a dramatic increase in persistence ratio, with values of~7 and~4, respectively. These results indicate that one role of cofactors eIF4B, eIF4H, and eIF4G 682-1105 is to enhance the directionality of eIF4A translocation. The topology of eIF4A•H•G has been studied (10), but unlike in the case of NS3, it is unclear which eIF4A residues mediate changes in processivity (supplementary text) (30) .
In single-molecule records, mechanical steps were occasionally separated by pauses, corresponding to comparatively longer periods of invariant tether extension. Pause lifetimes were exponentially distributed for eIF4A, both alone and in combination with accessory factors, and were well fitted by single exponentials (Fig. 3B  and fig. S12 ). We found that eIF4A displayed the longest measured pause lifetime, 9.0 T 0. Step ratio experimental error (~7 s), but these were not statistically different from that of eIF4A alone. However, ternary complexes eIF4A•B•G 682-1105 and eIF4A•H•G 682-1105 had pause lifetimes three times shorter than that of eIF4A, with durations of 2.9 T 0.1 s and 3.6 T 0.2 s (mean T SEM), respectively. These findings suggest that, in addition to enhancing the directionality of eIF4A, the accessory factors eIF4B, eIF4H, and eIF4G 682-1105 also increase the mRNA unwinding efficiency by decreasing pausing. Pause locations were distributed along the reporter hairpin (Fig. 3C and fig. S3 ). The two reporter hairpins used in this study were based on randomized nucleotide sequences, and we could identify no obvious relationship between the locations and durations of pauses and the local base composition. However, many additional sequences would need to be scored to identify any possible sequence dependence of helicase activity.
Finally, analysis of unwinding activity indicates that eIF4A, alone or in complexes, has no memory associated with a given series of steps and that the translocation mechanism is governed by a single rate-limiting step (supplementary text).
Although DEAD-box helicases have sometimes been regarded as nonprocessive enzymes (29), we find here that eIF4A displays a factormediated processivity requiring at least two cofactors (eIF4B/H and eIF4G ). This acquired processivity is characterized by a preferential directionality (presumably 5′-to-3′), with burst openings of 11 T 2 bp (mean T SEM) and dramatically reduced pausing. In eukaryotic translation initiation, the eIF4A•B•G 682-1105 complex comprises a minimal processive unit that is thought to facilitate sequential, step-by-step ribosomal scanning. In light of our findings, we anticipate that the processivity and dynamics of other DEAD-box family members may be influenced by accessory cofactors, so that enzymatic activities scored in their absence may not fully reflect the in vivo function of the proteins.
